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Abstract
An Inner Tracker is under construction for the KLOE-2 experiment at the DAΦNE collider. The tracker, based on
GEM technology, will improve the vertex resolution near the interaction point, thanks to the good position resolution
and the low material budget. Here follows a description of the detector and some measurements performed.
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1. The KLOE-2 experiment
The KLOE experiment [1] has collected an integrated luminosity of
∫ Ldt = 2.5fb−1 at the Frascati φ−factory
DAΦNE, an e+e− collider operating at the center-of-mass energy of 1020 MeV. The experiment achieved several
important results in kaon and hadronic physics. The collider has been upgraded with the aim of increasing the lu-
minosity of about a factor 3 up to 5 · 1032cm2s−1. The KLOE collaboration has therefore planned a new data taking
period and an upgraded detector. The physics program [2] will focus on neutral kaon interferometry, study of the
decays of KS , η and η′ and searches for exotics. In the present KLOE apparatus, the tracking is provided by a huge
and transparent Drift Chamber [3], ﬁlled with He:iC4H10 90:10. The chamber has a full stereo geometry, with a
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Figure 1: Steps of the construction of the CGEM prototype
spatial resolution of σrϕ  150 μm, σz  2 mm and a vertex resolution of ∼ 6 mm. The resolution on transverse
momenta is σp⊥/p⊥ ∼ 0.4%. The chamber is 4 m long, with a 2 m outer radius and 25 cm inner radius. It is
surronded by an electromagnetic calorimeter [4], covering 98% of the solid angle. The calorimeter is composed by
lead-scintillating ﬁber and it provides an energy resolution of σE/E = 5.7%/
√
E(GeV) and a time resolution of
σt = 54 ps/
√
E(GeV) ⊕ 100 ps. The whole apparatus is embedded in a superconductive magnet which provides a
0.52 T axial magnetic ﬁeld. In order to improve the resolution on the vertices occuring within few cm from the IP,
a new tracking subdetector will be installed in the free space between the Drift Chamber inner wall and the beam
pipe, in this way reducing the present track extrapolation length. The Inner Tracker (IT) contribution to the overall
material budget has to be carefully taken into account in order to minimize multiple scattering contribution to the track
momentum resolution and the probability of the photon conversions before the DC volume. The requirements for the
Inner Tracker can be summarized as:
- σrϕ ∼ 200 μm and σz ∼ 500 μm spatial resolution
- 5 kHz/cm2 rate capability
- < 2%X0 material budget
The adopted solution is the Cylindrical-GEM (CGEM), a triple-GEM detector composed by concentric cylindrical
electrodes: cathode, 3 GEM foils and Anode, acting also as the readout circuit.
2. The Inner Tracker of KLOE-2
The IT of KLOE-2 will be composed by four layers of cylindrical triple-GEM 700mm long, each of them equipped
with a two-dimensional readout. The radius of the layers will range between 13 cm and 23 cm, being limited by the
beam pipe and the DCbinner wall. The minimum value is chosen in order to preserve the quantum interference region
KL − KS : expressing the interference term as a function of the KS lifetime units (τS  0.6 cm at a φ−factory), it can
be shown [5] that the smallest radius for the IT should be larger than  20 τS  12 cm. Including the carbon ﬁbers
support, the detector has a material budget of ∼ 1.5%X0. According to simulations, the Inner Tracker will improve of
a factor 3 the spatial resolution on the Ks → ππ vertex (presently ∼ 6 mm).
3. The cylindrical GEM prototype
In order to validate the idea of the cylindrical GEM, a full scale radial prototype (300 mm diameter and 352 mm
active length) was built at LNF. The reduced active length of the detector was due to the unavailability, at that time, of
large GEM foils. The detector is composed by ﬁve coaxial cylindrical electrodes, all made of kapton: the cathode, the
three GEM stages and the anode readout. Each cylindrical electrode is realized gluing three identical foils, applying
epoxy on a 3 mm wide region. The large foil is then wrapped on an aluminium mould coated with a very precisely
machined 400 μm thick Teﬂon ﬁlm. In order to keep the electrode on the mould and during the curing cycle of the
epoxy, a vacuum bag system is then used to obtain the cylindrical shape. Two ﬁberglass annular rings are glued on the
edges of the electrodes working as spacers and mechanical support for the detector. Then the cylindrical foil can be
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Figure 2: Detection eﬃciency (left) and residuals distribution (right) measured by the CGEM prototype at CERN-T9 are test beam
extracted from the mould thanks to the low friction Teﬂon surface. Once realized, the prototype was tested at CERN-
PS T9 area [7], [8] with a 10 GeV pions beam. The detector, ﬁlled with Ar:CO2 70:30 gas mixture at 1 bar pressure,
was operating at a gain of 2 · 104. The readout was formed by axial strips, 650 μm pitch, and it was equipped with
a FEE dedicated chip: GASTONE (see sec. 4). The detection eﬃciency was measured as a function of the impact
parameter of the tracks (ﬁg. 2 (left)). In ﬁg. 2 (right) the residuals of the cluster position with respect to the tracks
reconstructed by two external drift tube (DT) stations are shown. The CGEM spatial resolution is obtained by the
σDT and the σres using σGEM =
√
σ2res − σ2DT . A value of ∼ 200 μm arises, in agreement with what expected from a
650 μm pitch readout with digital FEE.
4. The ﬁnal X-V readout and the FEE
The cylindrical shape of the detector requires a dedicated layout, since all the strips must be read out on the edges
of the detector so that the X-Y orthogonal strips are not compatible. The ﬁnal IT readout is performed with an X-V
pattern of strips (ﬁg. 3) engraved on a polymide foil substrate. The X strips with 650 μm pitch will provide the r − φ
coordinate while the V strips are realized with pads, connected through internal vias to supply the second coordinate.
The Front-End Electronics of the IT is based on the GASTONE ASIC [9], a 64-channels chip featured by a low input
equivalent noise and a low power consuption (∼ 200 W for 30000 channels), composed by four diﬀerent stages: a
charge preampliﬁer with 20 mV/fC sensitivity, a shaper, a leading-edge discriminator with a programmable threshold
and a monostable stretcher of the digital signal, to synchronize with the KLOE Level1 trigger.
5. Operation in magnetic ﬁeld
In order to simulate the working conditions in KLOE, ﬁve small (10 × 10 cm2) planar triple-GEM chambers were
tested in magnetic ﬁeld [11] at H4 beam line (CERN-SPS), a semi-permanent RD51 facility [10]. Four chambers
were equipped with orthogonal strips (X-Y readout) and used as external trackers, while for the ﬁfth chamber the
X-V readout was adopted (angle between the strips of the two directions ∼ 40◦, ﬁg. 3). The magnetic ﬁeld was
provided by GOLIATH dipole and it could be set up to 1.5 T in a 3 × 3 × 1 m3 volume. All the chambers were
ﬁlled with Ar:CO2 70:30 at 1 bar, operating at a gain of 2 · 104. They were placed in such a way that the magnetic
ﬁeld was orthogonal to the electric ﬁelds inside the chambers (ﬁg. 4), producing two eﬀects in the GEM: a systematic
displacement of the electrons with respect to the tracks position and a larger spread of the electronic cloud with respect
to the no-ﬁeld case. The electron shift was measured reversing the X-V chamber with respect to the others: the shift
is mirrored and the distance bewteen the spare hit and the reconstructed track is twice the displacement expected in
a chamber. This quantity was measured as a function of the magnetic ﬁeld (ﬁg. 5), for detector electric ﬁelds set up
to 1.5/2.5/2.5/4 kV/cm. The detection eﬃciency as a function of the magnetic ﬁeld and of the working point of the
GEM was measured and is shown in ﬁg. 5. The increase of the magnetic ﬁeld, inducing a spread of the charge on the
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Figure 3: Detail of the orientation of the strips and pads in the ﬁnal IT readout.
Figure 4: Layout of the chambers in the test beam at H4 area.
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Figure 5: Electron displacement as a function of the magnetic ﬁeld (top left). Spatial resolution along the X direction at 0 T (top right). Detection
eﬃciency as a function of the magnetic ﬁeld for diﬀerent gain of the X-V chamber (bottom left). Spatial resolution along the direction orthogonal
to X at 0 T (bottom right).
readout, results in an eﬃciency drop that can be recovered with higher gain. The informations on the spatial resolution
along two directions (X and Y) are also shown in ﬁg. 5.
6. The Large Area GEM
The outermost layer of the IT requires a 1440 × 700 mm2 GEM foil which is obtained splicing three 480 ×
700 mm2 foils. The request for large GEM foils led to a change of the manufacturing procedure by CERN TS-DEM-
PMT laboratory, switching from the double-mask (requiring a very ﬁne alignement of the two masks) to single-mask
etching [12]. The holes of the new GEMs have quasi-cylindrical shape and for this reason a new characterization was
necessary. A triple-GEM was realized with the new large foils and tested with a 137Cs source (660 keV photons). The
measured current was normalized to the one obtained by a 10 × 10 cm2 double-mask manufactured triple-GEM. The
measurement (ﬁg. 6) shows that the gain for the new hole shape is ∼ 20% lower than in the double-mask case at a
ﬁxed HV. The large area triple-GEM was then tested at CERN-PS T9 area, using the same external tracking of the
previous test-beam (see sec. 5). The chamber was equipped with the ﬁnal X-V readout. The test beam allowed to
validate the ﬁnal DAQ and FEE chain, composed by the GASTONE64 chip, interface boards, General Intermediate
Boards and the Software Interface. The detection eﬃciency as a function of the voltage applied to the GEM foils is
shown in ﬁg. 9 (right).
 A. Balla et al. /  Physics Procedia  37 ( 2012 )  522 – 529 527
Figure 6: Setup for the measurement with the 132Cs on the large planar triple-GEM and comparison of the gain measured with a double-mask and
a single-mask manufactured GEM as a function of the applied voltage.
7. Gas mixture studies
An ideal gas mixture for the IT should allow the signal formation in few tens of ns while keeping a low discharge
probability at the chosen operation point (gain ∼ 2 · 104). Two gas mixtures are still good candidates as the ﬁnal
choice: Ar:CO2 70:30 and Ar:iC4H10 90:10. Important features of the gas mixtures (like drift velocity and Lorentz
angle) at a 0.5 T magnetic ﬁeld have been computed as a function of the electric ﬁeld (ﬁg. 7) by a Magboltz routine
inside a GARFIELD simulation code.
The gain of the gas mixtures (ﬁg. 8 (left)) was measured using a 6 keV X-rays gun and a planar 10 × 10 cm2
triple-GEM, monitoring the current on the anode of the chamber. A measurement of the discharge probability (ﬁg.
8 (right)) was obtained using an α-emitting 241Am source, normalizing the recorded number of discharges by the
exposure time to the source times the activity of the source. These studies are still preliminary and the measurements
are going to be completed with a more intense source that will allow to extend the curves in ﬁg. 8 (right) to lower gain
as chosen for the IT.
8. Conclusions
The construction, operation and extensive test of an almost full-size CGEM prototype demonstrated the feasibility
of such a novel light and dead-zone-free tracker. The ﬁnal readout conﬁguration was validated with the test of small
planar prototypes operating in magnetic ﬁeld. The results match the ﬁnal IT requirements. A large planar GEM
prototype was realized with the new single-mask technique: a characterization with X-rays revealed that the gain is
∼ 20% lower than using the double-mask technique. The large GEM was then tested with the ﬁnal DAQ and FEE
chain that includes the GASTONE 64-channels release. The decision of the ﬁnal gas mixture for the IT is in progress.
The construction has started and it will be completed at the end of summer 2012.
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Figure 7: Drift velocity (top left) and Lorentz angle (top right) as a function of the electric ﬁeld. GARFIELD simulation of the electron drift in
a triple-GEM working in a 0.5 T magnetic ﬁeld orthogonal to the electric ﬁelds: Ar:CO2 70:30 case (bottom left) and Ar:iC4H10 90:10 (bottom
right). The plots show the clusters released by the tracks in the drift gap.
Figure 8: Gas gain (left) and discharge probability measurements (right).
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Figure 9: Setup of the Large Area GEM test beam (left) and detection eﬃciency as a function of the sum of the voltage applied to the GEM foils of
a triple-GEM (right). The blue points are obtained by the double-mask manufactured GEMs while the black ones refer to the GEM realized with
the new single-mask technique. The ﬁt is obtained by Fermi-Dirac functions.
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